EP 2 392 942 A1

(19)

Européisches
Patentamt

European

Patent Office

Office européen
des brevets

(12)

(43) Date of publication:
07.12.2011 Bulletin 2011/49

(21) Application number: 11168689.5

(22) Date of filing: 03.06.2011

(51)

(11) EP 2 392 942 A1

EUROPEAN PATENT APPLICATION

Int Cl.:
GO01S 7/52 (2006.01) GO1S 15/89 (2006.07)
GOG6F 19/00 (2071.07) GO6T 15/00 (2011.07)

A61B 8/06 (2006-:07)

(84) Designated Contracting States:
AL AT BEBG CH CY CZ DE DK EE ES FI FR GB
GRHRHUIEISITLILT LULV MC MK MT NL NO
PL PT RO RS SE SI SK SM TR
Designated Extension States:
BA ME

(30) Priority: 04.06.2010 US 351340 P
02.06.2011 US 151803
29.10.2010 US 407960 P

(71) Applicants:
* Siemens Corporation
Iselin, NJ 08830 (US)
* Siemens Medical Solutions USA, Inc.
Malvern, PA 19355-1406 (US)

(72)

(74)

Inventors:

Wang, Yang

Plainsboro, NJ New Jersey 08536 (US)
Georgescu, Bogdan

Plainsboro, NJ New Jersey 08536 (US)

Datta, Saurabh

Cupertino, CA California 95014 (US)
Comaniciu, Dorin

Princeton Junction, NJ New Jersey 08550 (US)

Representative: Wheatley, Alison Clare
Haseltine Lake LLP

Redcliff Quay

120 Redcliff Street

Bristol BS1 6HU (GB)

(54)

(57) A method quantifies cardiac volume flow for an
imaging sequence. The method includes receiving (20)
data representing three-dimensions and color Doppler
flow data over a plurality of frames, constructing (22) a
ventricular model based on the data representing three-
dimensions for the plurality of frames, the ventricular
model including a sampling plane (154, 156) configured
to measure the cardiac volume flow, computing (24) vol-
ume flow samples based on the sampling plane and the
color Doppler flow data, and correcting (26) the volume
flow samples for aliasing based on volumetric change in
the ventricular model between successive frames of the
plurality of frames.

Cardiac flow quantification with volumetric imaging data

( START )

A

CAPTURE 3D+t IMAGING AND

COLOR DOPPLER FLOW DATA [~ <~20

A

CONSTRUCT VENTRICULAR MODEL WITH
SAMPLING PLANES
FROM 3D+t IMAGING DATA

A

COLLECT FLOW SAMPLES BASED ON
SAMPLING PLANES AND

Z— 04
COLOR DOPPLER FLOW DATA

A

CORRECT FLOW SAMPLES FOR ALIASING
BASED ON VOLUMETRIC CHANGE IN
MODEL BETWEEN SUCCESSIVE FRAMES
(E.G., LV STROKE VOLUME)

A 4

( END )

FIG. 1

Printed by Jouve, 75001 PARIS (FR)



10

15

20

25

30

35

40

45

50

55

EP 2 392 942 A1
Description
CROSS-REFERENCES TO RELATED APPLICATIONS

[0001] This application claims the benefit of U.S. provisional applications entitled "Automatic 3D Mitral and LVOT Flow
Quantification on Volumetric Ultrasound Data," filed June 4, 2010, and assigned Serial No. 61/351,340, and entitled
"Automatic Cardiac Flow Quantification on 3D Volume Color Doppler Data," filed October 29, 2010, and assigned Serial
No. 61/407,960, the entire disclosures of which are hereby incorporated by reference.

BACKGROUND

[0002] The present embodiments relate to quantification of cardiac flow based on three-dimensional (3D) or volumetric
imaging.

[0003] Valvularheartdiseases are recognized as a significant cause of morbidity and mortality. Accurate quantification
of cardiac volume flow in patients aids in the evaluation of the progression of the disease and in the determination of
clinical options. The quantification of the volume of flow may assist in the evaluation of patients with other cardiac
dysfunction and cardiovascular disease.

[0004] Recent advances in real-time, 3D full volume echocardiography have enabled high frame rate acquisition of
volumetric color flow images. However, accurate flow quantification remains a significant challenge for cardiologists.
[0005] Doppler ultrasound is a non-invasive and cost-effective method for evaluation of intracardiac blood flow, for
assessment of cardiac function, for estimation of shunt flows in congenital cardiac defects, and for assessment of
regurgitation in the presence of valvular disease. With real-time, full volume echocardiography, it is now feasible to
acquire transthoracic 3D color flow images (CFI) for every heartbeat (without stitching) such that both mitral valve and
LVOT flow can be covered individually or together by the color Doppler region of interest.

[0006] However, a fundamental limitation of color Doppler data, flow velocity aliasing, remains a problem. Aliasing
can introduce significant errors in flow quantification directly using color Doppler data. Attempts to overcome the velocity
ambiguity have relied on customized hardware or geometric assumptions based on the recognition that ultrasound data
alone is insufficient when true velocity is several multiples of the Nyquist level.

SUMMARY

[0007] By way of introduction, the embodiments described below include methods, systems, and apparatuses for
cardiac flow quantification from data for three-dimensional imaging. The cardiac flow is quantified through construction
of a ventricular model for an imaging sequence having a plurality of frames. The ventricular model is representative of
the data in both a spatial and temporal manner. The ventricular model includes one or more sampling planes configured
to collect flow samples from the imaging data. The ventricular model may be used to improve flow quantification, including,
for instance, as a correction for aliasing.

[0008] In afirst aspect, a method of quantifying cardiac volume flow for an imaging sequence includes receiving data
representing three-dimensions and color Doppler flow data over a plurality of frames, constructing a ventricular model
based on the data representing three-dimensions for the plurality of frames, the ventricular model including a sampling
plane configured to measure the cardiac volume flow, computing volume flow samples based on the sampling plane
and the color Doppler flow data, and correcting the volume flow samples for aliasing based on volumetric change in the
ventricular model between successive frames of the plurality of frames.

[0009] In a second aspect, a system for quantifying cardiac volume flow for an imaging sequence includes an image
acquisition system configured to capture data representing three dimensions and color Doppler flow data over a plurality
of frames, and a processor in communication with the image acquisition system to receive the data representing three
dimensions and the color Doppler flow data. The processor is configured to construct a ventricular model based on the
data representing three dimensions, the ventricular model being configured to track motion of a ventricular boundary
between successive frames of the plurality of frames, define a sampling plane based on the ventricular model for a first
frame of the plurality of frames, the sampling plane being configured to measure the cardiac volume flow, adjust the
sampling plane for a second frame of the plurality of frames based on the motion tracked by the ventricular model, and
sample the color Doppler flow data for the second frame via the adjusted sampling plane.

[0010] Inathird aspect, an ultrasound apparatus for quantifying cardiac volume flow for an imaging sequence includes
an ultrasound beamformer configured to generate respective scan signals for a plurality of frames, a B-mode detector
in communication with the ultrasound beamformer and configured to generate three-dimensional (3D) ultrasound image
data from the scan signals, a flow estimator in communication with the ultrasound beamformer and configured to generate
flow data from the scan signals, and a processor in communication with the B-mode detector and the flow estimator to
receive the 3D ultrasound image data and the flow data. The processor is configured to construct a ventricular model
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based on the 3D ultrasound image data, the ventricular model being configured to track motion of a ventricular boundary
between successive frames of the plurality of frames, define a sampling plane based on the ventricular model for a first
frame of the plurality of frames, the sampling plane being configured to measure the cardiac volume flow, adjust the
sampling plane for a second frame of the plurality of frames based on the motion tracked by the ventricular model,
compute the cardiac volume flow for the second frame based on the adjusted sampling plane and the color Doppler
flow data, and correct the computed cardiac volume flow for aliasing based on volumetric change in the ventricular model
between the first and second frames of the plurality of frames.

[0011] The present invention is defined by the following claims, and nothing in this section should be taken as a
limitation on those claims. Further aspects and advantages of the invention are discussed below in conjunction with the
preferred embodiments and may be later claimed independently or in combination.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The components and the figures are not necessarily to scale, emphasis instead being placed upon illustrating
the principles of the invention. Moreover, in the figures, like reference numerals designate corresponding parts throughout
the different views.

[0013] Figure 1 is a flow chart diagram of an example embodiment of a method for quantifying cardiac flows from
volumetric and color Doppler flow data.

[0014] Figure 2 is a flow chart diagram of a procedure for constructing and optimizing a volumetric and temporal
ventricular model with sampling planes to support the quantization of the cardiac flows according to one embodiment.
[0015] Figure 3 is a flow chart diagram of a procedure for detecting anatomical boundaries to support the construction
of the ventricular model according to one embodiment.

[0016] Figure 4 is a flow chart diagram of a procedure for tracking motion of the anatomical boundaries to support the
construction of the ventricular model according to one embodiment.

[0017] Figure 5 is a flow chart diagram of a training stage procedure for estimating a prior probability distribution of
motion (i.e., the "motion prior") to support the construction of the ventricular model according to one embodiment.
[0018] Figure 6 is a flow chart diagram of a procedure for quantifying and correcting cardiac volume flow data via the
sampling planes according to one embodiment.

[0019] Figure 7 is a block diagram of an example embodiment of an ultrasound system and apparatus forimplementing
the flow volume quantification methods and procedures described herein.

[0020] Figures 8A and 8B depict photographic representations of two example frames of volumetric ultrasound data,
including color Doppler data, to support the construction of a ventricular model for use in the disclosed quantification
methods.

[0021] Figures 9A and 9B depict photographic representations of elevational and bottom views of a ventricular model,
including sampling planes, constructed in accordance with one embodiment.

[0022] Figures 10A and 10B depict photographic representations of color Doppler flow data for respective frames of
imaging data relative to the ventricular model of Figures 9A and 9B.

[0023] Figures 11A and 11B depict photographic representations of data plots of cardiac volume flow measurements
from color flow images for a normal patient (i) with velocity aliasing, and (ii) after flow quantification (including de-aliasing)
via a disclosed method, respectively.

[0024] Figures 12A and 12B depict photographic representations of data plots of cardiac volume flow measurements
from color flow images for a mitral regurgitation patient (i) with velocity aliasing, and (ii) after flow quantification (including
de-aliasing) via a disclosed method, respectively.

DETAILED DESCRIPTION OF THE PRESENTLY PREFERRED EMBODIMENTS

[0025] Cardiac flow using imaging data, such as 3D+t (time) (4D) ultrasound and color Doppler data, may be used
for quantification. Cardiac volume flow may be estimated in a fully automatic process. Anatomical information, such as
mitral annulus and left ventricle outflow tract (LVOT), may be detected and tracked automatically to account for heart
motion during an imaging sequence, which may include one or more heart beats. Anatomical boundaries, such as the
endocardial boundary of the left ventricle (LV), are automatically detected and/or tracked. The detected and tracked
boundaries support the computation of the instantaneous change in LV volume (i.e., LV stroke volume). This information
may be used to overcome velocity ambiguity, such that de-aliasing parameters may be computed and used to correct
flow computations. The relationship between flow volume and LV stroke volume is used to improve the flow quantification.
Cardiac volume flows quantified using this process may agree with clinical data, and the quantification techniques
described herein may be efficient, achieving high speed performance (e.g., 0.2 seconds per frame of data representing
a volume).

[0026] The cardiac volume flow quantification techniques described herein use may use 3D+t ultrasound data (i.e.,
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volumetric ultrasound over time) to construct a ventricular model. The 3D+t data is used to automatically detect both
the mitral annulus and LVOT and place sampling or measurement planes at appropriate locations. The construction of
these aspects of the ventricular model may be learning-based. To compensate for non-rigid heart motion, the sampling
or measurement planes are tracked through the imaging sequence, e.g., one entire cardiac cycle or multiple cardiac
cycles, to adjust and optimize the sampling locations and orientations in each frame. As a result, the flow volumes are
computed consistently based on the anatomical structure of the left ventricle (LV).

[0027] A de-aliasing factor is generated for the color Doppler flow data. In this aspect, the LV volume change is
estimated by automatically detecting and tracking the endocardial boundary. The de-aliasing factor is then determined
based on the LV volume change, and used to correct the volume of the cardiac flow, e.g., mitral inflow or LVOT outflow.
Alternatively or additionally, a de-aliasing factor is generated using the volume color Doppler flow data inside the left
ventricle (LV). The net change in the spatial volume of the color Doppler data is used to estimate a de-aliasing factor to
correct the volume of the cardiac flow, e.g. mitral inflow or LVOT outflow. This factor may be used in addition to or instead
of the LV volume information in correcting for aliasing.

[0028] Although described below in connection with ultrasound apparatus and imaging data, the disclosed methods
and systems are not limited to use with ultrasound imaging. Other imaging modalities capable of three-dimensional,
high-resolution imaging may be used, including, for instance, magnetic resonance (MR) imaging and computed tomog-
raphy (CT) imaging. These imaging modalities may be used to capture data representative of the ventricular boundaries,
other anatomical structures, and/or other spatial information used to construct a ventricular model and sampling planes
thereof. The disclosed methods provide a framework and technique that may be applied to other modalities and volumetric
data that capture, for instance, 3D data capable of supporting non-rigid object deformation parameters and volume
changes described below. For example, cardiac magnetic resonance (CMR) imaging may be used as an alternative
modality for capturing 4D flow data. Information from multiple modalities may be combined to support the quantification
methods.

[0029] Figure 1depicts a flow diagram of one embodiment for flow quantification. A learning-based technique estimates
multiple cardiac flows, including, forinstance, mitral inflow, LVOT outflow, and regurgitant flow. In act 20, data representing
avolume is captured via, or received from, for instance, an ultrasound system. The data may be representative of tissue,
such as B-mode or harmonic mode data, or of the blood within the tissue, such as volume color Doppler data. Another
set of data may represent flow, such as velocity or energy of flow. One example estimation technique for flow data is
Doppler flow, but correlation may be used. The tissue and flow data may represent a volume over time, such as acquired
via real-time 3D full volume echocardiography. However, the data need not be processed in real-time. In other cases,
the data is captured before implementation of the disclosed methods. The acts of the disclosed method may then be
implemented off-line.

[0030] The data is captured over a sequence of time segmented into a number of frames. The sequence may include
one or more heart beats, or one or more cardiac cycles. Each frame represents a scan of the volume sufficient to form
the data of the frame, such as a frame of flow data formed by scanning each line multiple times or B-mode data formed
by scanning each line in the volume once.

[0031] After the tissue and flow data has been captured, an anatomical model of the heart ventricle is constructed in
act 22. As described below, automatic anatomy detection is implemented to construct a three-dimensional, ventricular
model. With the first frame of data, the endocardial boundary of the left ventricle (LV), the mitral annulus, and the left
ventricular outflow tract (LVOT) may be detected using a marginal space learning (MSL) framework, as described below.
The ventricular model is then expanded to cover the entire sequence of imaging data via further machine-learning
procedures that track the motion in successive frames. The 3D motion of the left ventricle, including the ventricular wall,
the mitral annulus and the LVOT, are estimated by fusing information from multiple sources, including optical flow,
boundary detection, and motion prior templates.

[0032] Three-dimensional flow sampling then occurs in act 24 once the ventricular model is constructed for the se-
quence. The ventricular model includes a definition of one or more sampling planes configured for measurement of
respective cardiac flows. For example, a sampling plane may be defined to measure mitral inflow or LVOT outflow. The
sampling plane may be configured as a cross-sectional area positioned and oriented relative to the remainder of the
ventricular model to measure the flow through the area. As described below, the tracked locations of the mitral annulus
and LVOT are used to adjust or optimize the sampling planes for each successive frame in the sequence. Once the
sampling planes are defined for each frame and each flow, the flow data is then sampled and aggregated in the three-
dimensional space.

[0033] In de-aliasing act 26, the volume flow samples are corrected for aliasing artifacts. The de-aliasing technique
is based on the volumetric change in the ventricular model between successive frames. As described further below in
connection with one example, the LV stroke volume may be determined by computing the change in volume of the
ventricular model between successive frames. That is, based on the tracked LV endocardial boundaries, the LV volume
change is computed between neighboring frames to estimate a de-aliasing factor of the measured color Doppler flow
data. The de-aliasing factor may be specific to that frame, or be generated for the entire sequence. Using the de-aliasing
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factor, corrected flow volumes may be computed for both the mitral inflow and the LVOT outflow.

[0034] Figure 2 depicts further details regarding one example method for constructing the ventricular model. The
ventricular model may be a 3D mesh model. In this example, the ventricular model is defined by, and includes, data
representative of the anatomical structure of the left ventricle, mitral annulus, and LVOT. Additional, different or fewer
anatomical structures may be used.

[0035] The construction of the ventricular model may begin in act 28. In act 28, the anatomical boundaries of the
structures are detected in the imaging data for the initial or other frame of the sequence. The boundaries may be detected
via one or more machine-learning techniques, such as the marginal space learning (MSL) framework described below.
The ventricular model may also be based on one or more templates of the anatomical structures being modeled. The
templates may provide a general model to be refined based on a machine learnt filter or model. For example, the
ventricular model may include variances or deformations from template(s) trained using a machine and training data.
[0036] Alternatively or additionally to the above-described model construction technique, the construction of the model
(and/or measurement of blood volume in the LV) may be performed by segmentation of color Doppler volume data in
the LV. The change in the segmented color Doppler volume may provide an estimate of the temporal flow, which may
be useful for determining a de-aliasing factor as described below.

[0037] The initial frame of the sequence may be defined or selected in a variety of automated techniques before the
implementation of the model construction method. The initial frame defines the starting point for the flow quantification
techniques described herein. The initial frame may thus be determined based on the flow volume(s) of interest. In one
case, electrocardiograph (ECG) data may be analyzed to identify the time points for the initial and final frames, such as
a beginning and end of a heart cycle. In cases where higher accuracy is desired, the ECG data may be optimized or
adjusted via an analysis of the flow data. To that end, the flow data may be analyzed to determine when the mitral and
LVOT flows begin and end. In one example, the initial frame corresponds with the end-diastole cardiac phase. In some
cases, automatic adjustment of the beginning and ending time points is performed after the spatial ventricular model is
constructed, including the detected mitral and LVOT sampling planes.

[0038] Once the ventricular model is constructed for the initial frame, the ventricular model may be extended to cover
the remainder of the imaging sequence. In act 30, the anatomical boundaries are tracked to successive frames in the
sequence. In this way, the ventricular model incorporates the motion of the anatomical structures during the imaging
sequence. Tracking the boundaries may include the application of one or more machine-learnt classifiers. For example,
the tracking may also utilize the learned features and local image templates involved in, or resulting from, the detection
act 28. In this example, tracking the anatomical boundaries includes propagating any model deformations through the
remainder of the imaging sequence.

[0039] The sampling planes for the cardiac flows are determined in act 32. In this example, respective sampling planes
are defined for the mitral and LVOT flows. Each sampling plane is determined based on the anatomical boundaries of
the ventricular model. Starting with the initial frame, the locations, orientations, and sizes of each sampling plane are
determined from the ventricular model and, in some cases, the flow data. As described below, the sampling planes are
then optimized or otherwise adjusted for the rest of the frames in the sequence. In this example, this optimization is
shown as a separate act 34. Each optimization or adjustment accounts for the motion of the anatomical structures during
the imaging sequence. Each sampling plane is thus defined on a frame-by-frame basis in accordance with the location
and orientation of the anatomical boundaries of the model in each frame.

[0040] The order and implementation of the tracking and sampling plane determination acts may vary from the example
shown. For example, the sampling planes for the initial frame may be determined before the boundaries are tracked
throughout the imaging sequence, i.e., before the implementation of the tracking act 30. The sampling planes may be
determined (e.g., adjusted) for a particular frame once the boundary tracking is completed for that frame. The remainder
of the sampling plane determinations may then be implemented as the tracking act progresses through the imaging
sequence. Once the model is extended to each successive frame in the sequence, the sampling planes for that frame
may be defined. The sampling plane determinations may be integrated with the boundary tracking to any desired extent.
[0041] Figure 3 describes one example of a learning-based anatomy detection technique that may be used to construct
the ventricular model. In the initial or starting frame (e.g., the end-diastole cardiac phase), the endocardial boundary of
the left ventricle (LV), the mitral annulus, and the LVOT are detected automatically based on the data. In act 36, the left
ventricle is located using a machine trained detector. The machine trained detector may be trained using the marginal
space learning (MSL) framework. For example, locating the left ventricle may include a determination of the pose of the
anatomical boundaries, including the position X = (x, y, z), orientation 6 = (o, B, y), and scale S = (S,, Sy, S,), of the left
ventricle. The MSL framework provides a technique for detecting shapes and boundaries in high dimensional images.
Implementation of the MSL framework reduces the number of testing hypotheses by incrementally learning classifiers
on projected sample distributions, thereby avoiding an exhaustive search in the high dimensional parameter space.
Instead, the space becomes more restricted by marginal space classifiers. Further details regarding marginal space
learning are set forth in U.S. Patent No. 7,916,919 ("System and method for segmenting chambers of a heart in a three
dimensional image"), the entire disclosure of which is hereby incorporated by reference. Any features may be used for
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training the detector, such as Haar features.

[0042] In act 38, the posterior distribution p;(X]/) of each control point on the surface of the shape is located by
application of the MSL framework. The posterior distribution p;(X]/) may be learned using steerable image features, a
probability boosting-tree (PBT), and/or one or more other machine-learning techniques. Steerable image features in-
corporate orientation and scale information into the distribution of sampling points to allow for the avoidance of time-
consuming volume data rotation operations. Steerable features provide an alternative to global, Haar, or local features
to steer a sampling pattern rather than align a volume to a hypothesized orientation. Once the features are obtained,
the features are used to train simple classifiers, as well as a probabilistic boosting tree (PBT). In this way, the simple
classifiers are combined to get a strong classifier for the parameters of interest. Further details regarding the use of
steerable feature techniques to detect LV and other anatomical boundaries and shapes are set forth in the above-
referenced U.S. patent.

[0043] The ventricular model may include data representative of local deformations of the mitral annulus, LVOT, and
myocardial boundaries. These deformations may be estimated in act 40 based on the posterior distribution pi(X]/) of
each control point on the surface of the ventricular model. Further details regarding these machine learning frameworks
and techniques are set forth in Z. Tu, "Probabilistic boosting-tree: Learning discriminative models for classification,
recognition, and clustering," ICCV, p. 1589-1596 (2005). The data is applied to the machine learnt classifier. The output
is locations with the greatest probability of being the boundaries.

[0044] Figure 4 depicts an example of a cardiac anatomy tracking method that extends the ventricular model to cover
the remaining frames of the sequence. Starting from the detection result at the initial frame in act 42, the model defor-
mations are propagated to neighboring frames using both the learned features and local image templates for the left
ventricle. The local image templates may include data generally representative of the shape, pose, and other surface
characteristics of the left ventricle to be optimized by the imaging data for construction of the ventricular model. To
ensure temporal consistency and smooth motion and to avoid drifting and outliers, two collaborative trackers, an optical
flow tracker and a boundary detection tracker, are used. The two trackers are implemented in acts 44 and 46, respectively.
In this example, the optical flow tracker directly computes the temporal displacement for each point on the surface of
the model from one frame to the next, while the detection tracker obtains the deformations in each frame with maximal
probability. As described below, the boundary detection tracker uses the MSL framework to generate a set of classifiers
indicative of the anatomical structures and their boundaries.

[0045] The boundary detection tracker is used in act 48 in conjunction with local image template matching to determine
the likelihood term of a Bayesian framework. In this example, the likelihood term p(Vt|)_('t) is computed from both boundary
detection and local image template matching, as in p(VAYt) =(1- k)p(FdYt) + kp(TdYt), where F; is the steerable feature
response, T;is the local image template, and A is the weighting coefficient of the matching term. Further details regarding
the use of steerable feature responses as part of the above-referenced machine learning techniques are set forth in Y.
Zheng, et al., "Four-chamber heart modeling and automatic segmentation for 3-D cardiac CT volumes using marginal
space learning and steerable features," TMI, Vol. 27, No. 11, p. 1668-1681 (2008).

[0046] The above two trackers are integrated in act 50 into a single Bayesian framework, with the assumption that

the input images | are mutually independent: arg mj?lx p(f(, | }71;,) =arg n}ax p(}_f; | )?[)p()?[ | ﬁ;,,l) , where Vm =

Yy o \7: where are the measurements from the first t frames /4 = (/4, ...., Iy). For clarity, we use X, to denote a
concatenation of the mesh point positions, )_(; =[Xy, ... Y,,], which are estimated at the current time instance ¢, and n is
the total number of points in the model.

[0047] Given the resulting shapes 7('1,,_1 from the previous t-1 frames, the prediction term p()_('tIV1,t_1) may be simplified
as p(YtIVHH), which may be learned from the training data may be simplified as ,which may be learned from the training
data set as set forth in Y. Wang, et al., "Learning-based 3D myocardial motion flow estimation using high frame rate
volumetric ultrasound data," ISBI, p. 1097-1100 (2010).

[0048] The anatomical boundaries of the ventricular model, including any deformations, are propagated or otherwise
extended in act 52 to that frame. The data of the frame is applied to the Bayesian framework to update the ventricular
model for that frame. The foregoing tracking and deformation propagation acts are repeated until the full 4D (temporal
and spatial) model is estimated for the complete sequence. In this way the collaborative trackers complement each
other, as the optical flow tracker provides temporally consistent results and its major issue of drifting is addressed by
the boundary detection tracker. In this example, a decision block 54 determines whether the last frame in the sequence
has been reached. If not, control passes to act 56 that advances the procedure to the next frame in the sequence and
returns control to act 44 for implementation of the tracking and propagation acts for that frame.

[0049] In this example, the tracking is performed in both forward and backward directions to obtain a smooth motion
field. Due to the periodic nature of the cardiac motion, the foregoing tracking and deformation acts are firstimplemented
in the forward direction through the sequence, as specified in act 42. Once the last frame in the sequence has been
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reached, control passes to a decision block 58, which determines whether the processing is proceeding in a forward
time direction through the sequence. If yes, then control passes to act 60 that reverses the direction for the processing
and sets the initial frame to the earliest frame in the sequence. Control passes back to act 44 and the tracking and
propagation procedure is implemented again in the reverse direction. Once the beginning of the sequence is reached
after iterating through the tracking and propagation acts for each frame, the decision block 5 is reached again, and the
procedure terminates with a complete four-dimensional (3D plus time) model for the entire imaging sequence. The
imaging sequence may include any number of cardiac cycles, or any portion of a cardiac cycle. Alternatively, the process-
ing in the forward and backward directions occurs simultaneously rather than in two separate procedures, in which case
the processing may end when a frame in the middle of the sequence is reached.

[0050] A Gaussian kernel may be applied to the neighboring frames for further smoothing of the motion field over the
sequence:

where G(i) is a normalized Gaussian kernel N(0,c). For example, c may equal 0.6, and k may equal 1.

[0051] Figure 5 depicts one example of a training stage procedure to support the foregoing 4D model construction
method. The procedure provides an estimate for the motion prior probability distribution, or motion prior, term in the
above-referenced Bayesian framework. The motion prior is estimated at a training stage from a pre-annotated database
of sequences containing one cardiac cycle each. In this example, the estimation uses motion manifold learning and
hierarchical K-means clustering.

[0052] Beginning with an initial frame in the training sequence established in act 62, temporal deformations are aligned
by 4D generalized procrustes analysis in act 64. Next, a low-dimensional embedding is computed in act 66 from the
aligned training sequences using the ISOMAP algorithm. In this way, the highly non-linear motion of the heart valves
may be represented. Finally, in order to extract the modes of motion, the motion sequences are then grouped or classified
in act 68 with hierarchical K-means clustering based on the Euclidean distance in the lower dimensional manifold. A
decision block 70 determines whether the last frame in the training sequence is reached and, if not, passes control to
act 72 that advances the procedure to the next frame. Once all of the frames in the training sequence have been
processed, the motion of the anatomical structures is reduced to a lower dimension more easily processed in real-time
to construct the 4D ventricular model on the current imaging data.

[0053] Further details on the ISOMAP algorithm are set forth in J.B. Tenenbaum, et al., "A global geometric framework
for nonlinear dimensionality reduction," Science, Vol. 90, No. 5500, p. 2319-2323 (2000).

[0054] Figure 6 depicts further details regarding the flow computation and de-aliasing acts of the disclosed methods.
Given the tracking result X for the anatomical model, one or more sampling planes are constructed to sample and
compute the cardiac flow(s), e.g., the mitral and LVOT flows. Given a color flow image F; at the time instance ¢, the flow
volume is computed in act 74 as an integral of the color measurements on the sampling plane:

VF{"" = dAxVF]" 1128/ firxvs

VEM = £S5 F, (X ()

where dA is the unit sampling area on the sampling plane, fr is the frame rate, vs is the velocity scale, N is the number
of non-zero samples on the sample plane, and Ymis the 3D position of the i-th sampling area.

[0055] In flow data, aliasing is a common issue associated with single or multiple exceeding of the Nyquist velocity,
which causes ambiguity for velocities beyond the Nyquist level. To address the aliasing issue, the LV volume V; may
be computed based on the tracking result X for each frame t. As a result, the LV volume change may be computed in
act 76 as the difference between two neighboring frames as follows:
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[0056] Because the LV volume change dV and the flow volume V F,,, measure the same amount of blood flow through
the left ventricle at a certain time instance, a de-aliasing factor of the color flow measurement may be computed in act
78 as the ratio between two volume values, i.e.,

P dv,—vr/"¢
de dAX N/ frxvs

where dA is the unit sampling area, N, is the number of nonzero samples on the sample plane, fr is the frame rate, and
vs is the Doppler velocity scale, and %1 is the floor function which returns the closest integer not greater than x. The
de-aliasing factor may then be applied in act 80 to each flow value determined to correct for aliasing effects. The LV
volume change reflects the global flow measurement, while the color Doppler data measures mitral and LVOT flow
separately, which may aid the evaluation of valvular heart disease, such as mitral regurgitation. In case of regurgitation,
the global change in LV volume will not be equal to the forward flow through the LVOT, as some flow will leak back into
the atrium. If the LV data is not accurate or incomplete, the color Doppler provides an opportunity to compute more
accurate flow.

[0057] In an alternative embodiment, the de-aliasing factor may be computed as the ratio between the two volume

. ¥ = -t
values, i.e., J&¢ ¥ o

i

e

-

[0058] With reference to Figure 7, the methods described above may be implemented by a system 100 that provides
automatic detection and quantification of cardiac flow. The system 100 quantifies the flow volumes based on imaging
data representative of anatomical and flow structures as described above, including, for instance, the endocardial
boundary of the left ventricle, the mitral annulus, and the LVOT. The system 100 implements some or all of the above-
described acts to provide flow tracking and 3D flow sampling based on detected boundary location(s) and simultaneous
correction of flow. The correction may include de-aliasing based on the temporal change in LV cavity volume and the
measured flow volume. The system 100 also optimizes the flow measurements both spatially and temporally by incor-
porating, for instance, the above-described cross-sectional profile adjustments based on both tissue (e.g., b-mode
ultrasound) and flow data. The adjustment may use and fuse multiple sources of different types of information, including
anatomic, electric (e.g., ECG), and functional information, as described above. Examples of functional information include
the temporal change in LV cavity volume, which may be used to adjust the flow time points and to estimate the dealiasing
factor, as well as the phase of the cardiac cycle, which may be used along with the corresponding expected flow direction.
[0059] The system 100 includes an image acquisition device or system 102. In the example shown in Figure 7, the
image acquisition device 102 is an ultrasound apparatus configured for real-time, 3D, full volume echocardiography.
The ultrasound apparatus includes one or more transducers 104 directed by a scanner or front-end 106, which, in turn,
includes a number of beamformers 108 and corresponding transmit/receive circuitry 110. The scanner 106 may include
a number of additional components of a conventional ultrasound apparatus, including, for instance, an analog-to-digital
converter and amplifiers in both the transmit and receive paths. The image acquisition device 102 also includes a data
processing unit 112 that may include one or more processors for generating the imaging data from the data developed
by the scanner 106. In this example, the data processing unit 112 includes a b-mode detector 114, a color Doppler
estimator 116, and any number of other imaging processors 118, as desired.

[0060] The system 100 includes a control unit 120 configured to implement the above-described methods. The control
unit 120 may include a personal computer, server computer, or any other computing device. The control unit 120 is in
communication with the image acquisition device 102 to receive the imaging data developed by the data processing
unit 112 upon completion of, or during, a scan sequence. In this example, the communication occurs via a network 122,
the configuration of which may vary considerably. The control unit 120 includes a processor 124, a memory 126 (e.g.,
volatile and/or non-volatile) in communication with the processor 124, one or more input/output (I/O) interfaces 128 for
further communication with the processor 124, and one or more data storage devices 130. In this example, the data
storage device 130 stores information and data to support the construction of the ventricular model as described above.
For example, the information may be representative of instructions configured to implement the above-described meth-
ods. The data may be representative of the captured imaging data, as well as any pre-existing data, such as training
sequences and local image templates. Alternatively or additionally, the data storage devices 130 may include a scan
library or other database to direct the image acquisition device 102 through a variety of scan sequences configured to
capture ultrasound data to be processed by the flow volume quantification methods. The processor 124 and, more
generally, the control unit 120 are configured to implement the above-described methods, procedures, and techniques
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for quantifying the cardiac volume flows. In alternative embodiments, the processor of the ultrasound system implements
the above-described methods, procedures, and techniques.

[0061] The system 100 may include one or more operator consoles 132 in communication with the rest of the system
100 via the network 122. The operator console 132 may include a personal computer or other workstation configured
to allow a user to control and otherwise interact with the other components of the system 100. The system 100 may also
include any number of data stores 134 accessible to the other components of the system 100 via the network 134. The
data store 134 may provide data storage for the captured imaging data or for the output of the control unit 120.

[0062] The above-described components of the system 100 need not communicate via a network, as the system 100
may alternatively or additionally include any number of direct communication links between the various components,
devices, or subsystems. Other aspects of the system 100 may vary considerably, including the nature of the scanner
or image acquisition front end 106 if, for instance, a different modality is used to capture the anatomical imaging data.
[0063] Figures 8A and 8B show examples of volumetric data that may be processed via the disclosed quantification
methods. In Figure 8A, afirst frame of ultrasound imaging data is representative of the left ventricular wall, mitral annulus,
and the LVOT at a first time instance during the imaging sequence. The same anatomical structures are represented
by the ultrasound imaging data shown in Figure 8B and captured at a second time instance during the imaging sequence.
The above-described methods are configured to detect and track the anatomical structures through these and other
frames of the imaging sequence to construct a ventricular model for the imaging data.

[0064] Figures 9A and 9B show one example of a ventricular model used to represent the left ventricle, mitral annulus,
and left ventricular outflow tract (LVOT). In this example, the ventricular model is configured as a 3D mesh model. In
Figure 9A, the mitral annulus and the LVOT are represented by respective rings 150, 152. As shown in Figure 9B, the
ventricular model includes sampling planes 154, 156 for measuring the flow through the mitral annulus 150 and the
LVOT 152, respectively. The LVOT sampling plane may be shifted in the drawing figures to a position away or spaced
from the valve area to avoid flash noise.

[0065] Because of the physical form of the 3D ultrasound pyramid, a plane in the acoustic space with a constant
distance to the transducer corresponds to a sphere in the Cartesian space, centering at the tip of the pyramid. Therefore,
the sampling plane in the ventricular model is defined on a sphere passing through the mitral annulus 150 or the LVOT
152. To compute the integral volume of the mitral inflow and LVOT outflow, the flow data within the circular areas
enclosed by the mitral annulus 150 and the LVOT ring 152 is integrated as described above.

[0066] The ventricular model is also shown in Figures 10A and 10B with examples of color Doppler flow data relative
to the sampling planes 154 and 156. Figures 10A and 10B show examples of flow sampling for two different frames in
the imaging sequence. Figure 10A shows mitral inflow, while Figure 10B shows LVOT outflow.

[0067] To demonstrate performance, one example of the disclosed methods is evaluated on a clinical dataset taken
from 22 subjects with normal valves via a Siemens SC2000 scanner with an average volume rate of 15 vps. The flow
volume quantifications generated by the disclosed method are then compared with two routine clinical measurements,
2D quantitative Doppler with pulsed wave Doppler acquisition at LVOT to estimate LV stroke volume and LV stroke
volume from 3D b-mode contouring of LV cavity. These measurement techniques are clinically accepted methods and
independently validated elsewhere.

[0068] The comparison with the routine clinical measurements using 2D pulsed wave (PW) Doppler demonstrates
the accuracy and robustness of the disclosed methods. The LV stroke volume (LVSV) is very close to the volume from
LVOT-PW (70.1 £20.8 ml, 69.7+16.7 ml) with good correlation (r = 0.78). The 3-D LV inflow and outflow volumes
quantified by the disclosed methods (73.6=16.3 ml, 67.6=14.6 ml) correlate well with LVSV and LVOT-PW, respectively
(r=0.77; 0.91). Therefore, the quantified flow volumes are consistent and close to the routine clinical measurements.
[0069] Figures 11A and 11B demonstrate the de-aliasing aspect of the disclosed methods in connection with a multi-
beat sequence on a normal patient. Figure 11A shows an aliased flow measurement sampled from the flow data, while
Figure 11B shows the resulting flow from our de-aliasing method. The input sequence has 37 volumes with 3 heart
beats. Mitral inflow is plotted along curves 160 (Figure 11A) and 164 (Figure 11B), while LVOT outflow is plotted along
curves 162 (Figure 11A) and 166 (Figure 11B). The de-aliased mitral inflow and LVOT outflow volume curves show a
consistent pattern in all three cycles.

[0070] Figures 12A and 12B show the original (aliased) flow volume measurement from flow data with velocity aliasing,
and the resulting flow volume corrected by the de-aliasing method, respectively. In this example, the 4D ultrasound
sequences are acquired by a Siemens SC2000 scanner with an average volume size of size 200x200x140 and a
resolution of Imm in the x, y and z directions. A multi-beat example is processed for a patient with mitral regurgitation.
The input sequence has 26 frames with two heart beats. Mitral inflow is plotted along curves 170 (Figure 12A) and 174
(Figure 12B), while LVOT outflow is plotted along curves 172 (Figure 12A) and 176 (Figure 12B). The de-aliased flow
volume values are consistent with the expert measurements in the clinical study in which the sequences were obtained.
[0071] Described above is a fully automatic method to estimate both mitral inflow and LVOT outflow on 3D real-time
full volume ultrasound data. A 3D model is fitted automatically to the left ventricle (LV), mitral annulus, and LVOT to
construct measurement planes in a volumetric color Dopplerimage. To compensate for heart motion, multiple information
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sources, such as image gradients, boundary detection, and motion prediction, are fused to achieve a robust tracking
through the whole cardiac cycle. Furthermore, given the tracked LV endocardial boundaries, the disclosed methods
correct for aliasing in the color Doppler data by using LV volume change between two neighboring frames.

[0072] While the invention has been described above by reference to various embodiments, it should be understood
that many changes and modifications can be made without departing from the scope of the invention. It is therefore
intended that the foregoing detailed description be regarded as illustrative rather than limiting, and that it be understood
that it is the following claims, including all equivalents, that are intended to define the spirit and scope of this invention.

Claims
1. A method of quantifying cardiac volume flow for an imaging sequence, the method comprising:
receiving (20) data representing three-dimensions and color Doppler flow data over a plurality of frames;
constructing (22) a ventricular model based on the data representing three-dimensions for the plurality of frames,
the ventricular model comprising a sampling plane (154, 156) configured to measure the cardiac volume flow;
computing (24) volume flow samples based on the sampling plane (154, 156) and the color Doppler flow data; and
correcting (26) the volume flow samples for aliasing based on volumetric change in the ventricular model
between successive frames of the plurality of frames.
2. The method of claim 1, wherein correcting (26) the flow samples for aliasing comprises determining (78) a de-
aliasing correction factor based on a ratio between the volumetric change in the ventricular model and the computed
volume flow samples for the successive frames.

3. The method of claim 1, wherein constructing (22) the ventricular model comprises:

tracking (30) motion of a ventricular boundary between the successive frames; and
adjusting (34) the sampling plane (154, 156) based on the tracked motion.

4. The method of claim 3, wherein tracking (30) the motion comprises:
determining (44) temporal displacement of model points between successive frames of the plurality of frames;
and
finding (46) deformations, with a boundary detecting tracker, in each frame of the plurality of frames with maximal

probability.

5. The method of claim 3, wherein tracking (30) the motion comprises propagating (52) anatomical boundaries and
deformations using a Bayesian framework.

6. The method of claim 1, wherein constructing (22) the ventricular model comprises optimizing the sampling plane
(154,156) for each frame of the plurality of frames.

7. Themethod of claim 1, wherein constructing (22) the ventricular model comprises aligning (64) temporal deformations
in the ventricular model via four-dimensional generalized procrustes analysis.

8. The method of claim 1, wherein constructing (22) the ventricular model comprises computing (66) a low-dimensional
embedding based on aligned training sequences.

9. The method of claim 1, wherein constructing (22) the ventricular model comprises grouping (68) motion sequences
with hierarchical K-means clustering.

10. The method of claim 1, wherein the sampling plane (154, 156) is one of a plurality of sampling planes (154, 156)
defined by the ventricular model.

11. The method of claim 1, wherein the data representing three dimensions is based on volume color Doppler data.

12. A system (100) for quantifying cardiac volume flow for an imaging sequence, the system (100) comprising:
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an image acquisition system (102) configured to capture data representing three dimensions and color Doppler
flow data over a plurality of frames; and

a processor (124) in communication with the image acquisition system (102) to receive the data representing
three dimensions and the color Doppler flow data and configured to:

construct a ventricular model based on the data representing three dimensions, the ventricular model being
configured to track motion of a ventricular boundary between successive frames of the plurality of frames;
define a sampling plane (154, 156) based on the ventricular model for a first frame of the plurality of frames,
the sampling plane (154, 156) being configured to measure the cardiac volume flow;

adjust the sampling plane (154, 156) for a second frame of the plurality of frames based on the motion
tracked by the ventricular model; and

sample the color Doppler flow data for the second frame via the adjusted sampling plane (154, 156).

The system of claim 12, wherein the processor (124) is further configured to correct the sampled color Doppler flow
data for aliasing based on volumetric change in the ventricular model between successive frames of the plurality of
frames.

The system of claim 13, wherein the processor (124) is further configured to determine a de-aliasing correction
factor based on a ratio between the volumetric change in the ventricular model and the sampled color Doppler flow
data for the successive frames.

The system of claim 12, wherein the processor (124), in constructing the ventricular model, is further configured to:

determine temporal displacement of model points between successive frames of the plurality of frames; and
identify deformations in each frame of the plurality of frames with maximal probability.

The system of claim 12, wherein the processor (124), in constructing the ventricular model, is further configured to
propagate anatomical boundaries and deformations using a Bayesian framework.

The system of claim 12, wherein the processor (124) is further configured to optimize the sampling plane (154, 156)
for each frame of the plurality of frames.

The system of claim 12, wherein the processor (124), in constructing the ventricular model, is further configured to
align temporal deformations in the ventricular model via four-dimensional generalized procrustes analysis.

The system of claim 12, wherein the processor (124), in constructing the ventricular model, is further configured to
compute a low-dimensional embedding based on aligned training sequences.

The system of claim 12, wherein the processor (124), in constructing the ventricular model, is further configured to
group motion sequences with hierarchical K-means clustering.

An ultrasound apparatus for quantifying cardiac volume flow for an imaging sequence, the ultrasound apparatus
comprising:

an ultrasound beamformer (108) configured to generate respective scan signals for a plurality of frames;

a B-mode detector (114) in communication with the ultrasound beamformer (108) and configured to generate
three-dimensional (3D) ultrasound image data from the scan signals;

a flow estimator (116) in communication with the ultrasound beamformer (108) and configured to generate flow
data from the scan signals; and

a processor (124) in communication with the B-mode detector (114) and the flow estimator (116) to receive the
3D ultrasound image data and the flow data and configured to:

construct a ventricular model based on the 3D ultrasound image data, the ventricular model being configured
to track motion of a ventricular boundary between successive frames of the plurality of frames;

define a sampling plane (154, 156) based on the ventricular model for a first frame of the plurality of frames,
the sampling plane (154, 156) being configured to measure the cardiac volume flow;

adjust the sampling plane (154, 156) for a second frame of the plurality of frames based on the motion
tracked by the ventricular model;
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compute the cardiac volume flow for the second frame based on the adjusted sampling plane (154, 156)
and the color Doppler flow data; and

correct the computed cardiac volume flow for aliasing based on volumetric change in the ventricular model
between the first and second frames of the plurality of frames.

22. The ultrasound apparatus of claim 21, wherein the processor (124) is configured to determine a de-aliasing correction

factor based on a ratio between the volumetric change in the ventricular model and the computed flow volumes for
the successive frames.

12
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